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Short-term anesthesia inhibits 
formalin-induced extracellular signal-regulated 
kinase (ERK) activation in the rostral anterior 
cingulate cortex but not in the spinal cord
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Abstract 
Background: The rostral anterior cingulate cortex (rACC) has been implicated in the negative affective response to 
injury, and importantly, it has been shown that activation of extracellular signal-regulated kinase (ERK) signaling in the 
rACC contributes to the full expression of the affective component of pain in rodents. In this study, we investigated 
whether administration of anesthesia at the time of injury could reduce phosphorylated-ERK (PERK) expression in the 
rACC, which might eliminate the negative affective component of noxious stimulation. Intraplantar hindpaw formalin 
stimulation, an aversive event in the awake animal, was given with or without general isoflurane anesthesia, and PERK 
expression was subsequently quantified in the rACC using immunohistochemistry. Furthermore, as numerous studies 
have demonstrated the importance of spinal ERK signaling in the regulation of nociceptive behaviour, we also exam-
ined PERK in the superficial dorsal horn of the spinal cord.
Findings: Formalin injection with and without short-term (<10 min) general isoflurane anesthesia induced the same 
level of PERK expression in spinal cord laminae I–II. However, PERK expression was significantly inhibited across all 
laminae of the rACC in animals anesthetized during formalin injection. The effect of anesthesia was such that levels of 
PERK were the same in formalin and sham treated anesthesized animals.
Conclusions: This study is the first to demonstrate that isoflurane anesthesia can inhibit formalin-induced PERK in 
the rACC and therefore might eliminate the unpleasantness of restraint associated with awake hindpaw injection.
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Findings
Background
Pain processing involves neural activity generated by 
nociceptive stimuli in the spinal cord, the site of the ini-
tial key synapse of nociceptive primary afferents, and 
subsequently in brainstem and cortex. Importantly, the 
rostral anterior cingulate cortex (rACC) has been impli-
cated in the negative affective response to noxious stim-
uli, as it has been shown that the rACC is required for 
noxious stimuli-induced associative learning in rodents 
[1]. Recent studies have also shown that stress induced 
activity in the ACC may explain how anxiety can potenti-
ate chronic pain [2].
We hypothesised that general anesthesia at the time of 
injury would eliminate the affective component of nox-
ious stimulation and thus should have an effect on sub-
sequent molecular signaling in the rACC. We therefore 
examined phosphorylated-extracellular signal-regulated 
kinase (PERK) expression in the rACC following nox-
ious formalin stimulation of the hind paw given with or 
without general isoflurane anesthesia. PERK is a widely 
used molecular marker of nociceptive stimulation. Phos-
phorylation of ERK in dorsal horn neurons occurs rap-
idly following noxious peripheral stimulation and is an 
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essential signal leading to central sensitization [3, 4]. It 
has also been demonstrated that rapid activation of ERK 
in rACC regulates nociceptive-specific related negative 
affect, but not nociceptive behavioural responses per se 
[5]. Thus, the effect of general inhalation isoflurane anes-
thesia on PERK expression was examined in the spinal 
cord and the rACC.
Results
There was no difference in formalin‑induced PERK expression 
in the superficial dorsal horn with or without short‑term 
anesthesia
Acute noxious formalin stimulation is known to induce 
ERK phosphorylation which persists up to 1 h post-injury 
in the spinal dorsal horn. PERK expression 30 min after 
formalin stimulation was significantly greater in forma-
lin vs. sham treated animals (Fig. 1) (main effect of treat-
ment; ANOVA F(1, 16) = 23.4, p < 0.001). However, there 
was no difference in PERK activation between anesthe-
tized and non-anesthetized animals (Fig. 1).
Anesthesia inhibited the expression of PERK in the rACC
We found a bilateral up-regulation of PERK across all 
laminae of the rACC 30  min post-formalin stimulation 
of the hindpaw, as reported by others [5, 6], and there-
fore combined the counts from the ipsilateral and con-
tralateral side for further analysis. Strikingly, although 
anesthesia did not lead to differences in spinal cord PERK 
activation, it had a significant effect on PERK expression 
in the rACC (effect of anesthesia ANOVA F(1,24) = 9.75, 
P  <  0.01) (Fig.  2). LSD post hoc analysis revealed that 
PERK expression in the Form (+) and A (−) group was 
greater than in the Form (−) and A (−) group (P < 0.05), 
Form (−) and A (+) group (P < 0.01) and the Form (+) 
and A (+) group (P  <  0.01). Interestingly, there was no 
difference between the Form (+) and A (+) group and 
the Form (−) and A (+) group suggesting that increased 
PERK expression in the rACC could only be seen with 
the combined condition of handling/restraint and forma-
lin injection.
Discussion
Experiments in this study aimed to identify whether 
anesthesia could modulate PERK activation in the dorsal 
horn and rACC caused by a dose of formalin widely used 
to induce acute hypersensitivity. Anesthesia had no effect 
on PERK expression in the superficial dorsal horn but 
inhibited PERK expression in the rACC.
General anesthesia and molecular signalling in the spinal 
cord
Here we report that short (<10  min) general anesthesia 
had no effect on PERK signalling in the superficial dorsal 
horn. While no study has directly investigated the effect 
of isoflurane anesthesia on nociceptive spinal PERK activ-
ity, isoflurane is thought to have an inhibitory effect on 
neural activity [7–10]. Moreover, studies have indicated 
that injectable anesthetics such as propofol, fentanyl, and 
pentobarbital [11–13] as well as inhalational anesthetics 
such as nitrous oxide and isoflurane [14] reduced c-Fos 
expression in the spinal cord. While isoflurane reduces 
c-Fos expression, it does not alter primary afferent pep-
tide release into the spinal cord as investigated by inter-
nalisation of the NK1 receptor for SP in the dorsal horn 
[13]. Takasusuki et al. [13] suggested that while this result 
could implicate a role for non-peptidergic primary affer-
ent activity accounting for the effects of general anesthe-
sia, it is more likely that general anesthetics play a role in 
post-synaptic suppression of molecular nociceptive tar-
gets. PERK is more rapidly activated than c-Fos protein, 
and is suggested to be directly affected by NK1 receptor 
activation [15–17], suggesting that spinal PERK expres-
sion is unlikely to be modulated by anesthesia.
However, it is important to note that the depth and 
duration of the anesthesia are certainly critical factors. A 
previous study showed that PERK expression in the cer-
ebral cortex was significantly inhibited by long (>10 min) 
compared to short (2–5  min) anesthesia [18]. In our 
experiments, animals receiving formalin with anesthesia 
were never subject to anesthetic for longer than 10 min.
General anesthesia reduces injury‑induced molecular 
signalling in the rACC
Our results have shown that while ERK in the spinal 
cord was activated to the same degree following formalin 
injection in anesthetized and non-anesthetized animals, 
PERK activation in the rACC was strongly inhibited by 
anesthesia. These results suggest that the combination 
of the injection and the restraint is required to promote 
ERK signalling in the rACC. Due to the nature of the role 
of the rACC in nociceptive contextual affect, we propose 
that the reduction in rACC PERK expression in anesthe-
tized animals is a direct result of the elimination of the 
aversive experience of live hindpaw injection.
The role of the rACC in the negative affective response 
to noxious stimuli was previously established by Johansen 
and Fields [1] and subsequent studies have demonstrated 
that inhibition of rACC signalling via pharmacological 
blockade of MAPK signalling or chemical lesions could 
eliminate the negative emotion associated with pain [5, 
19, 20]. Our data therefore suggest that the absence of 
anesthesia promotes the negative affective component 
of the pain response associated with formalin injection. 
When inducing nociceptive signaling events in animal 
models, in particular when injecting the hindpaw, gen-
eral anesthesia is often administered to minimize the 
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unpleasantness of the injection procedure itself and the 
effects that this bear on the rACC signalling should be 
borne in mind. Finally, some evidence seems to support 
the idea that activity in the ACC following noxious stim-
ulation is contextually dependent [21], and therefore 
reflect a function of sensory salience detection and not 
Fig. 1 Short general anesthesia does not modulate formalin induced spinal PERK expression. a Typical PERK expression in the ipsilateral superfi-
cial dorsal horn for each treatment group. Scale bar 50 µm. b PERK counts. LSD post hoc, **P < 0.01, Formalin vs. Sham groups. Data presented as 
mean ± SEM (n = 3 each group).
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Fig. 2 Short general anesthesia modulates formalin induced PERK expression in the rACC. a Typical PERK expression in area Cg1 of the rACC at 
Bregma 2.7 mm for each treatment group. Scale bar 50 µm. b Quantification of PERK expression across rACC Bregma points using bins. *P < 0.05, 
**P < 0.01, data presented as mean ± SEM (n = 3 each group).
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only nociceptive processing. Thus, our results may also 
support a functional role for the ACC in general arousal 
[21].
Methods
Animals
All procedures were licensed under the Animals (Scien-
tific Procedures) Act 1986. Experiments were performed 
using adult male Sprague–Dawley rats at 200–230  g at 
the beginning of the experiment and bred by the UCL 
Biological Services Unit. Animals were housed four 
maximum to a cage, with a 12 h light–dark cycle (lights 
on beginning at 08:00) and access to food and water pro-
vided ad libitum.
Experimental design and model of inflammation
There were four treatment groups (n = 3 each group):
1. Formalin injection-anesthetized: Form (+)–A (+)
2. Formalin injection- non-anesthetized: Form (+)–A 
(−)
3. Sham-anesthetized: Form (−)–A (+)
4. Sham- non-anesthetized (handling/restraint only): 
Form (−)–A (−)
Acute inflammation was induced using intraplantar 
hindpaw injection of 1 mg paraformaldehyde (33.3 µmol) in 
20 µl for animals injected without anesthesia and 50 µl for 
anesthetized rats (due to Home Office licence limitations). 
Anesthesia never lasted more than 10  min. Rats without 
anesthesia were injected under light restraint in a glove 
(Form(+)-A(−)). Sham animal groups were either given 
general anesthesia only (Form(−)-A(+)) or light restraint 
only (Form(−)-A(−)) and none received injection.
Animals subject to anesthesia were returned to a recov-
ery box and monitored until regaining consciousness. 
All animals were terminally anesthetized for perfusion 
30 min following stimulation and transcardially perfused 
with heparinised saline (5,000 IU/l 0.9 % saline) followed 
by 4 % PFA/0.2 % NaF/0.1MPB. Spinal cords and brains 
were removed and post-fixed for 2.5–3  h in the same 
PFA solution and subsequently stored at 4  °C in 30  % 
sucrose/0.02 % azide/0.1 M PB until processing.
Immunohistochemistry
The L4–L6 region of the spinal cord and the rACC were 
isolated for sectioning on a freezing microtome. 40  µm 
serial coronal sections were taken and stored in 5  % 
sucrose/0.02 % azide/0.1 M PB until staining. PERK was 
detected using 3,3′-diaminobezidine (DAB) amplifica-
tion. All staining of tissue was done free floating in vol-
umes of 1  ml solutions with gentle rocking agitation. 
3  ×  10  min washes in 0.1  M  PB were performed after 
incubation with all solutions except after incubation with 
blocking solution. Tissue sections were blocked for 1 h in 
3 % normal goat serum (Vector, UK), 0.3 % triton X-100, 
and 2 % H2O2 in 0.1 M PB. The primary antibody PERK 
(1:400/TTBS brain, 1:500/TTBS cord; Cell Signaling) was 
added overnight (O/N) at room temperature in triton-
tris-buffered saline (TTBS). The following day, a bioti-
nylated secondary antibody (1:500/TTBS; Vector, UK) 
was subsequently applied for 2 h, followed by 1 h in ABC 
solution (1:1,000 of each Vectastain A and Vectastain B; 
Vector, UK). Sections were then developed using a DAB 
kit (Vector, UK). The reaction was terminated by trans-
ferring the sections into dH20 followed by 0.1  M  PB 
(5  min each). Sections were mounted from 0.01  M  PB 
and left to dry O/N before dehydration (dH20 followed 
by 2  ×  1  min in each 70  % EtOH, 95  % EtOH, 100  % 
EtOH, Histoclear (National Diagnostics, UK). Slides were 
coverslipped directly from histoclear with DPX mount-
ant (VWR, UK).
Imaging
Images were captured using a Nikon Coolpix E4500 digi-
tal camera attached to a Nikon Eclipse E800 microscope.
Quantification and analysis
Immunopositive cells for all sections were counted man-
ually using a Leica DMR microscope in laminae I–II of 
the spinal cord and all laminae in cingulate area 1 (Cg1) 
of the rACC, defined by Paxinos and Watson in the 
Rat Brain Atlas [22] (Bregma 3.7  mm to 0.2  mm of the 
brain), with experimenter blind to treatment. Brain sec-
tions were assigned to one of the following coordinates 
(Bregma 3.7, 3.2, 2.7, 2.2, 1.7, 1.2, 0.7, 0.5 or 0.2) according 
to the plates described in the fourth edition of the Atlas 
of Paxinos and Watson. Sections were then divided into 
three areas (3.7–2.7  mm; 2.2–1.2  mm and 0.7–0.2  mm) 
and the four sections with the maximum response aver-
aged per area. There were no significant differences 
between the ipsilateral and contralateral regions in Cg1 
and therefore counts from both areas were combined. 
For spinal cord sections, the five sections within L4–L5 
with the maximum response were used per animal and 
the average taken for the ipsilateral dorsal horn. All treat-
ment group values were calculated as mean ± the stand-
ard error of each group mean (SEM). Statistical analyses 
were performed using IBM SPSS PC+ (Chicago IL, USA) 
or Microsoft Excel (Redmond WA, USA). Analyses were 
performed using 2-way analysis of variance (ANOVA) 
followed by relevant post hoc analysis. Data was checked 
for normal distribution using the Shapiro–Wilk analysis, 
and homogeneity of variance using Levene’s test prior to 
performing parametric analyses.
Page 6 of 6Tochiki et al. Mol Pain  (2015) 11:49 
Abbreviations
rACC: rostral anterior cingulate cortex; PERK: phospho-p44/42 MAPK (Thr202/
Tyr204) extracellular signal-regulated kinase; i.pl.: intraplantar.
Authors’ contributions
KKT, SPH and SMG designed the experiment; KKT and SMG analysed the data 
and wrote the manuscript; KKT, MM, and JM did the experiments. All authors 
read and approved the final manuscript.
Acknowledgements
This work was supported by the MRC Grants G1100577 and G0801381. The 
authors wish to thank Dr. Orla Moriarty for helpful discussion in preparation of 
this manuscript.
Compliance with ethical guidelines
Competing interests
The authors declare that they have no competing interests.
Received: 1 June 2015   Accepted: 31 July 2015
References
 1. Johansen JP, Fields HL. Glutamatergic activation of anterior cingulate cor-
tex produces an aversive teaching signal. Nat Neurosci. 2004;7:398–403.
 2. Koga K, Descalzi G, Chen T, Ko H-G, Lu J, Li S, et al. Coexistence of two 
forms of LTP in ACC provides a synaptic mechanism for the interactions 
between anxiety and chronic pain. Neuron. 2015;85:377–89.
 3. Ji R-R, Gereau RW, Malcangio M, Strichartz GR. MAP kinase and pain. Brain 
Res Rev. 2009;60:135–48.
 4. Ji R-R, Baba H, Brenner GJ, Woolf CJ. Nociceptive-specific activation of 
ERK in spinal neurons contributes to pain hypersensitivity. Nat Neurosci. 
1999;2:1114–9.
 5. Cao H, Gao Y-J, Ren W-H, Li T-T, Duan K-Z, Cui Y-H, et al. Activation of 
extracellular signal-regulated kinase in the anterior cingulate cortex 
contributes to the induction and expression of affective pain. J Neurosci. 
2009;29:3307–21.
 6. Wei F, Zhuo M. Activation of Erk in the anterior cingulate cortex during 
the induction and expression of chronic pain. Mol Pain. 2008;4:28.
 7. Grasshoff C, Antkowiak B. Effects of isoflurane and enflurane on GABAA 
and glycine receptors contribute equally to depressant actions on spinal 
ventral horn neurones in rats. Br J Anaesth. 2006;97:687–94.
 8. Patel AJ, Honoré E, Lesage F, Fink M, Romey G, Lazdunski M. Inhalational 
anesthetics activate two-pore-domain background K+ channels. Nat 
Neurosci. 1999;2:422–6.
 9. Winegar BD, MacIver MB. Isoflurane depresses hippocampal CA1 glu-
tamate nerve terminals without inhibiting fiber volleys. BMC Neurosci. 
2006;7:5.
 10. Zaugg M, Lucchinetti E, Uecker M, Pasch T, Schaub MC. Anaesthetics and 
cardiac preconditioning. Part I. Signalling and cytoprotective mecha-
nisms. Br J Anaesth. 2003;91:551–65.
 11. Gilron I, Quirion R, Coderre TJ. Pre- versus postinjury effects of intravenous 
GABAergic anesthetics on formalin-induced Fos immunoreactivity in the 
rat spinal cord. Anesth Analg. 1999;88:414–20.
 12. Sommers MG, Nguyen N-K, Veening JG, Vissers KC, Ritskes-Hoitinga M, 
van Egmond J. Suppression of noxious-induced c-Fos expression in the 
rat lumbar spinal cord by isoflurane alone or combined with fentanyl. 
Anesth Analg. 2008;106:1303–8 (table of contents).
 13. Takasusuki T, Yamaguchi S, Hamaguchi S, Yaksh TL. Effects of general 
anesthetics on substance P release and c-Fos expression in the spinal 
dorsal horn. Anesthesiology. 2013;119:433–42.
 14. Jinks SL, Antognini JF, Martin JT, Jung S-W, Carstens E, Atherley R. Isoflu-
rane, but not halothane, depresses c-Fos expression in rat spinal cord 
at concentrations that suppress reflex movement after supramaximal 
noxious stimulation. Anesth Analg. 2002;95:1622–8 (table of contents).
 15. Kawasaki Y, Kohno T, Zhuang Z-Y, Brenner GJ, Wang H, Van Der Meer C, 
et al. Ionotropic and metabotropic receptors, protein kinase A, protein 
kinase C, and Src contribute to C-fiber-induced ERK activation and cAMP 
response element-binding protein phosphorylation in dorsal horn 
neurons, leading to central sensitization. J Neurosci Off J Soc Neurosci. 
2004;24:8310–21.
 16. Polgár E, Campbell AD, MacIntyre LM, Watanabe M, Todd AJ. Phospho-
rylation of ERK in neurokinin 1 receptor-expressing neurons in laminae 
III and IV of the rat spinal dorsal horn following noxious stimulation. Mol 
Pain. 2007;3:4.
 17. Wei F, Vadakkan KI, Toyoda H, Wu L-J, Zhao M-G, Xu H, et al. Calcium 
calmodulin-stimulated adenylyl cyclases contribute to activation of extra-
cellular signal-regulated kinase in spinal dorsal horn neurons in adult rats 
and mice. J Neurosci Off J Soc Neurosci. 2006;26:851–61.
 18. Takamura H, Ichisaka S, Watanabe K, Toigawa M, Hata Y. Effects of 
anesthesia on immunohistochemical detection of phosphorylated extra-
cellular signal-regulated kinase in cerebral cortex. J Neurosci Methods. 
2008;170:300–4.
 19. Qu C, King T, Okun A, Lai J, Fields HL, Porreca F. Lesion of the rostral 
anterior cingulate cortex eliminates the aversiveness of spontane-
ous neuropathic pain following partial or complete axotomy. Pain. 
2011;152:1641–8.
 20. Cao H, Zang K-K, Han M, Zhao Z-Q, Wu G-C, Zhang Y-Q. Inhibition of 
p38 mitogen-activated protein kinase activation in the rostral anterior 
cingulate cortex attenuates pain-related negative emotion in rats. Brain 
Res Bull. 2014;107:79–88.
 21. Mouraux A, Diukova A, Lee MC, Wise RG, Iannetti GD. A multisensory 
investigation of the functional significance of the “pain matrix”. NeuroIm-
age. 2011;54:2237–49.
 22. Paxinos G, Watson C. Paxino’s and Watson’s the rat brain in stereotaxic 
coordinates. 7th ed. Amsterdam: Elsevier/AP, Academic Press is an imprint 
of Elsevier; 2014.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
